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ABSTRACT  
   
Gallium Nitride (GaN) based microelectronics technology is a fast growing and most 
exciting semiconductor technology in the fields of high power and high frequency 
electronics. Excellent electrical properties of GaN such as high carrier concentration and 
high carrier motility makes GaN based high electron mobility transistors (HEMTs) a 
preferred choice for RF applications. However, a very high temperature in the active region 
of the GaN HEMT leads to a significant degradation of the device performance by effecting 
carrier mobility and concentration. Thus, thermal management in GaN HEMT in an 
effective manner is key to this technology to reach its full potential. 
In this thesis, an electro-thermal model of an AlGaN/GaN HEMT on a SiC substrate is 
simulated using Silvaco (Atlas) TCAD tools. Output characteristics, current density and 
heat flow at the GaN-SiC interface are key areas of analysis in this work. The electrical 
characteristics show a sharp drop in drain currents for higher drain voltages. Temperature 
profile across the device is observed. At the interface of GaN-SiC, there is a sharp drop in 
temperature indicating a thermal resistance at this interface. Adding to the existing heat in 
the device, this difference heat is reflected back into the device, further increasing the 
temperatures in the active region. Structural changes such as GaN micropits, were 
introduced at the GaN-SiC interface along the length of the device, to make the heat flow 
smooth rather than discontinuous. With changing dimensions of these micropits, various 
combinations were tried to reduce the temperature and enhance the device performance. 
These GaN micropits gave effective results by reducing heat in active region, by spreading 
out the heat on to the sides of the device rather than just concentrating right below the hot 
spot. It also helped by allowing a smooth flow of heat at the GaN-SiC interface. There was 
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an increased peak current density in the active region of the device contributing to 
improved electrical characteristics. In the end, importance of thermal management in these 
high temperature devices is discussed along with future prospects and a conclusion of this 
thesis. 
 
iii 
Dedicated to my parents and teachers 
& 
In memory of my dear friend Sriram Gadepalli 
iv 
ACKNOWLEDGMENTS  
   
I would like to express my sincere gratitude to my advisor professor Yuji Zhao for the 
continuous support throughout my master’s study. My thesis study would not be possible 
without his guidance. His patience in helping me to understand the III-V semiconductor 
devices is invaluable. My sincere thanks to professor Dragika Vasileska for her continuous 
help in simulations of the devices along the course of my thesis. Her lectures and projects 
directed at simulating devices using Silvaco TCAD tools helped me during this thesis. Also 
I would like to thank professor Hongbin Yu for being my thesis committee member and 
for his comments and suggestions about my thesis document. I would like thank my 
research group member Houqiang Fu for his suggestions and thoughts during the 
development of the device. Special thanks to Kevin Robert Bagnall from Device Research 
Laboratory at MIT for providing the electro-thermal modeling of AlGaN/GaN HEMT 
Silvaco (Atlas) code of his device, based on which my device is built. I also would like to 
thank Marek Turowski of Silvaco, Inc. in helping me while debugging the code. 
Finally, I thank my family and friends for their continued support during my higher studies 
at ASU. 
v 
TABLE OF CONTENTS  
          Page 
LIST OF TABLES ................................................................................................................. vii  
LIST OF FIGURES .............................................................................................................. viii  
CHAPTER 
1     INTRODUCTION ....................................................................................................... 1  
       1.1  Motivation ............................................................................................................. 1  
       1.2  Objective ............................................................................................................... 3 
       1.3  Significance ........................................................................................................... 4 
       1.4  Thesis Outline ....................................................................................................... 5 
2     ELECTRO-THERMAL MODEL OF GAN HEMT  ................................................ 6 
       2.1  Basics Of GaN HEMT .......................................................................................... 6 
       2.2  Transport Methods .............................................................................................. 11 
       2.3  Device Structure .................................................................................................. 14 
       2.4  Device Parameters And Mobility Models .......................................................... 15 
       2.5  Device Temperature And Its Effects .................................................................. 19 
       2.6  Conclusion .......................................................................................................... 22 
3     GAN HEMT WITH GAN MICROPITS ................................................................. 29 
       3.1  Concept ............................................................................................................... 29 
       3.2  Effects Of Micropits On Heat Distribution ........................................................ 31 
       3.3  Effects Of Micropits On Electrical Characteristics ........................................... 40 
       3.4  Conclusion .......................................................................................................... 42 
 
vi 
 
CHAPTER          Page 
4      CONCLUSION AND FUTURE WORK  .............................................................. 43 
REFERENCES ................................................................................................................ 45 
vii 
LIST OF TABLES 
Table Page 
1.       Devices Modeled with Their Highest Channel Temperatures .................................... 35 
2.       Peak Current Density for Devices With and Without GaN Micropits .....................40 
 
viii 
LIST OF FIGURES 
Figure  Page 
1. High Frequency GaN Amplifier Module ........................................................... 2 
2. Breakdown Voltage vs Cutoff Frequency Graph For Various High Power And 
High Frequency Devices Based On GaN, GaAs, InP, Si and SiGe ................... 3 
3. Schematic of a GaN HEMT Structure ............................................................... 7 
4. Shows The Formation of 2DEG at The Heterojunction .................................... 9 
5. Output Characteristics and Transverse Characteristics of a GaN HEMT ........ 10 
6. Device Structure for GaN HEMT for Electro-Thermal Modeling .................. 15 
7. Device Structure Used for The Simulations; Active Region of the Device 
Zoomed ............................................................................................................ 20 
8. The Characteristics On the Left Show the Ideal Case [19]; The Plot On the Right 
Show the Characteristics Considering the Thermal Effects............................ 20 
9. On The Left, The Effect of Temperature On Bandgap [16]; On The Right Effect 
of Temperature On Mobility and Carrier Concentration at AlGaN/GaN 2DEG . 
 .......................................................................................................................... 22 
10. Electro-Thermal Model Heat Distribution of the Device ................................ 23 
11. Temperature Profile Along Depth of the Device ............................................. 24 
12. Zoomed in View of Active Region of Electro-Thermal Model Heat Distribution 
of the Device .................................................................................................... 25 
13. Temperature Distribution Along Length of Device at Depth Y=0.04 μm ....... 26 
14. Temperature Distribution at The Interface of GaN and SiC ............................ 27 
   
ix 
Figure Page 
  
15. Temperature Along Depth of Device at Interface of GaN and SiC ................. 27 
16. Reducing Temperature Peak by Stretching the Peak Outwards ...................... 29 
17. The Image On Top Shows the Full Device with Micropits; The Image On 
Bottom Shows Close Up View of the Interface with Micropits ...................... 31 
18. Models with Varied Pit Sizes. (a) 0.2 X 0.25 With 0.2 Spacing; (b) 0.4 X 0.25 
With 0.4 Spacing; (c) 0.4 X 0.4 With 0.4 Spacing; (d) 0.4 X 0.25 With 0.3 
Spacing (All The Numbers Are in Microns) .................................................... 32 
19. Electro Thermal Simulation of Devices Showing Temperature Profile. (a) No 
Pits; (b) 0.2 X 0.25 With 0.2 Spacing; (c) 0.4 X 0.25 With 0.4 Spacing; (d) 0.4 
X 0.4 With 0.4 Spacing. (All Numbers Are in Microns) ................................. 33 
20. Temperature Profile Along the Channel of Four Devices Mentioned. (All 
Numbers Are in Microns) ................................................................................ 34 
21. The Temperature Profile Along the Length of All the Four Devices Near the 
GaN-SiC Interface ........................................................................................... 36 
22. Temperature Distribution Along Length of Devices at Depth Y=0.04 μm ..... 37 
23. Temperature Profile for Device Models at Interface of GaN - SiC ................. 38 
24. The First Number Represents the Width and The Second Number Represents 
Depth. All Micropits Are Spaced at 0.4 μm. ................................................... 39 
25. Electrical Characteristics for Device Without Micropits Show in Black and 
Device with Micropits Shown in Blue ............................................................. 41 
1 
CHAPTER 1 
INTRODUCTION 
1.1 MOTIVATION 
Since the advent of semiconductor, silicon has played a dominant role in shaping the 
current day electronics. With advent of CMOS technology in 1963, the semiconductor 
based business has boomed into a multibillion dollar industry [1]. From a simple timer chip 
to a complex server processor, silicon based technology is at core in today’s technology. 
But, every technology has its own limitation. Though silicon based devices can be used for 
high temperature and high power applications, they are not efficient. Material properties 
for such applications require high bandwidth, high carrier concentration and excellent 
carrier mobility with good heat capacity. Silicon does not possess most of these properties 
and silicon based devices fail under such abnormal conditions. On the other hand, devices 
based on III-V materials such as gallium arsenide (GaAs) and more recently gallium nitride 
(GaN) have shown high performance as compared to silicon based devices [11]. III-V 
compounds exhibit properties such as high bandwidth, high carrier concentration and very 
good carrier mobility. Along with these electronic properties, III-V based materials also 
possess high heat capacity which makes them suitable for use in devices such as power 
amplifiers in RF systems. 
In recent times, development of gallium nitride (GaN) based electronics is one of the most 
exciting advances in high temperature and high voltage electronics. Because of a direct 
bandgap, it was initially used to produce blue light emitting diodes [2]. GaN has also 
demonstrated excellent electronic properties, which are useful in devices like transistors 
[11]. GaN based high electron mobility transistors (HEMTs) are the most common type of 
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GaN based transistors. GaN based power amplifiers have shown excellent RF power output 
levels of 40W/mm [11]. Sample image of GaN based HEMT amplifier module is shown 
below in Figure 1. 
 
Figure 1: High frequency GaN amplifier module [3]. 
 
These capabilities are due to high carrier concentrations and high carrier mobility in the 
active region of HEMT. Breakdown voltage is the maximum voltage that can be applied 
between drain and source contacts before an extremely large amount of current passes 
through the channel in the off state [4]. In the power amplifiers, cutoff frequency is the 
frequency at which the current gain is unity [4]. In figure 2, the plot between the breakdown 
voltage and the cutoff frequency shows the high frequency & high power GaN device 
outperforming the devices based on gallium arsenide (GaAs), indium phosphide (InP), 
silicon-germanium alloy (SiGe) and silicon (Si). 
Very high power density capabilities of GaN based HEMT are possible because of high 
voltage and high current densities. As current flows through the active region of the device, 
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Joule heating effects cause excess power dissipation and degrade the device performance. 
It is known that the failure rate of electronic components rises with temperature due to 
various degradation mechanisms acting on the device at higher temperature [6]. Hence, 
GaN based HEMTs can be made long lasting and more reliable by finding ways to reduce 
the operational temperature within these devices. 
 
Figure 2: Breakdown Voltage vs Cutoff Frequency graph for various high power and high 
frequency devices based on GaN, GaAs, InP, Si and SiGe [5]. 
 
1.2 OBJECTIVES 
As GaN based electronics are gaining prominence, many device manufacturers are 
recognizing the rising heat dissipation based issues [11]. Currently, these manufacturers 
predict the device performance using electro-thermal modeling techniques. Some of the 
commercially available electro-thermal modeling tools include Silvaco Atlas [7] or 
Synopsys Sentaurus Device [8] are used for this purpose. In contrast to silicon based 
technology where silicon is the only material used to fabricate the whole device, GaN based 
technology uses various other materials to build the device. Aluminum gallium nitride 
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(AlGaN) and GaN are commonly used to form a heterojunction which is the active region 
and also a source of heat in the device (due to high carrier density). As it is difficult to 
produce bulk GaN substrates, non-native material such as silicon carbide (SiC), diamond 
and sapphire are commonly used as substrates. Aluminum nitride, silicon and complex 
oxides such as lithium gallate (LiGaO2) are emerging as viable alternatives [9]. AlGaN 
and GaN epitaxial layers are grown on these substrates using processes such as molecular 
beam epitaxy (MBE) and metal-organic chemical vapor deposition (MOCVD) [9]. 
Material properties such as thermal conductivity constant differ across the devices with 
varying material. Changes in the thermal conductivity may drastically affect the heat flow 
properties within the devices. Very often, the heat generated at the channel of the device is 
trapped inside the device rather than flowing out smoothly to the substrate. This excess 
trapped heat degrades the device performance with further increase in temperature.  
Maintaining the temperature within the device at acceptable levels by allowing smooth 
flow of heat out of the channel region into the substrate is an important task. This thesis 
explores at one of the possible models for improving the heat dissipation in the GaN HEMT 
devices. 
 
1.3 SIGNIFICANCE 
As discussed earlier, temperature rise within the devices degrade the performance over 
time. As higher voltages are applied to the device, higher current is observed at the channel. 
This increases temperature in the device due to resistive loses. This is called Joule heating 
[10]. As the temperature further increases for higher voltages, it effects the electron 
mobility, thus effecting the current flow. Hence, if the temperature is maintained at 
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acceptable levels by implementing design changes to the device & making heat dissipation 
smooth, the effect on current flow at higher voltages can be reduced. This makes the device 
more reliable and last longer. 
 
1.4 THESIS OUTLINE 
This thesis consists of 4 chapters. First chapter focuses on general introduction, objective 
and significance of this work. Second chapter introduces the device structure, materials 
and models used for simulation using Silvaco Atlas. Third chapter involves design changes 
applied to the device based on the results from second chapter and analyze the resultant 
effects on heat flow and current density. Fourth chapter is the summary and conclusion of 
the work presented with a brief prospective on future advancements. 
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CHAPTER 2 
ELECTRO-THERMAL MODEL OF GAN HEMT 
Electro-thermal modeling is a useful tool to help us understand thermal issues in GaN based 
electronics because it provides information on how electrical and thermal transport 
influence one another. By using such tools, we can study how temperature distribution 
effects electron transport in GaN devices since electron mobility decreases with increase 
in temperature. There are various disadvantages in using electro-thermal modeling tools. 
This is a mere simulation; real time fabrication of devices includes much more complex 
issues such as device variability, contamination, device defects and others which are 
difficult to account for. We should also consider parameters during a GaN HEMT 
simulation with extra care for a good agreement between modeled and measured electrical 
characteristics. 
 
2.1 BASICS OF GAN HEMT 
A gallium nitride (GaN) high electron mobility transistor (HEMT) is a III-V semiconductor 
device which acts as an electric switch. GaN HEMT can be majorly used as an AC-DC 
converter and RF power amplifier. While Silicon based electronics work on principle of 
MOS to form an electron channel, GaN based electronics use heterojunction to form an 
electron channel by forming a two-dimensional electron gas (2DEG). Figure 3 shows a 
schematic of GaN HEMT model. 
GaN HEMT is fabricated by epitaxial growth on non-native substrates such as SiC, Si, 
Sapphire and Diamond. Though GaN substrates are available commercially, they are very 
costly, due to difficulty to grow and available in small sizes which is not viable for large 
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production, thus GaN epitaxial layers are frown on non-native or foreign substrates. The 
substrate is electrically semi-insulated to avoid vertical breakdown and should be thermally 
conductive to remove heat generated at the channel [11]. Lattice constant of the substrate 
material should be as close as possible to GaN to reduce stress effects and grow better 
quality epitaxial layers.  
 
Figure 3: Schematic of a GaN HEMT structure [9]. 
 
Molecular beam epitaxy (MBE) or metal-oxide chemical vapor deposition (MOCVD) are 
the growth processes which are used to grow epitaxial layers of the HEMT. Though MBE 
is a faster process, MOCVD is preferred due to the better quality of the epitaxial layers. In 
a standard growth process using MOCVD, an aluminum nitride (AlN) nucleation layer of 
thickness about 20nm – 200nm is grown from ammonia (NH3) and tri-methyl aluminum 
(TMA) on the substrate before growing GaN epitaxial layers [12]. Apart from AlN, various 
other materials are used for nucleation layer such as, GaN and AlGaN [9]. Next, GaN layers 
are grown using NH3 and tri-methyl gallium (TMG) at high temperature and pressure. GaN 
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layers are typically grown to about 1-2μm thick depending on the device application. The 
GaN quality at the nucleation layer interface is very poor due to high density of threading 
dislocations. As it grows upwards, the quality of the GaN layers improve and reach high 
enough for electron transport [11]. A ternary alloy layer such as aluminum gallium nitride 
(AlGaN) is grown next by flowing a mixture of TMA and TMG with NH3 to produced 
desired alloy AlxGa1-xN, where x represents the mole fraction of Al which ranges from 0.1 
to 0.3. After this, gate, source and drain are fabricated on the AlGaN layer and required 
passivation is introduced. These contacts are usually made of gold. 
As noted earlier, an electron channel in a GaN HEMT is formed by use of a heterojunction. 
AlGaN and GaN are two such materials which can be used to form a heterojunction. The 
difference in electronic band parameters of GaN and AlGaN is responsible for formation 
of 2DEG at the heterojunction [4]. When AlGaN and GaN are in contact and are in thermal 
equilibrium, the fermi level should be flat. Due to a difference in band parameters of 
AlGaN and GaN, the conduction band of AlGaN bends upwards leading conduction band 
of GaN to bend downwards. Some part of the conduction band of GaN goes below the 
fermi level, which is energetically favorable for electrons to occupy, thus forming 2DEG 
spontaneously in the GaN region of the heterojunction [11]. Figure 4 below shows a 
simulation of bands at the heterojunction with fermi level.  
The AlGaN layer is n-type doped to inject additional electrons to the system. These shallow 
donors, when applied an electric field, move over to GaN region of the heterojunction and 
accumulate in the potential well formed as shown in figure above, forming 2DEG.  
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Figure 4: Shows the formation of 2DEG at the heterojunction. 
 
Metal contacts are used for flow of charge to and from device and controlling the device. 
Ohmic contacts are formed by high temperature annealing of metals that penetrates through 
the layers to form a low resistance contacts with the 2DEG. Source and drain are formed 
with ohmic contacts [11]. Schottky contact is formed by low temperature deposition of 
metal, preferably gold (Au) on the AlGaN layer without penetration. Gate contact is formed 
with Schottky contact. 
The source and drain in a GaN HEMT are used to control current flow in the channel 
region. Source is always grounded and the device operation is controlled by applying 
2DEG 
AlGaN GaN 
EC 
EQFL 
EV 
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required DC currents to drain and gate contacts. The gate contact controls the flow of 
current in channel by applying negative voltage to restrict current and positive voltage by 
allowing more current. In on-state of the device, current flows through channel and in off-
state there is no current flow in channel. Due to some defects and leakages, there may be 
still some current flow in the off-state. 
 
Figure 5: Output characteristics and transverse characteristics of a GaN HEMT. 
 
The output and transverse characteristics provide us with additional information on 
performance of GaN HEMT. Experimentally measuring microscopic quantities such as 
electric field, carrier concentrations and charge density distribution are difficult. If the 
device parameters (materials, models, methods) are as accurate as possible and electrical 
characteristics agree close with the model, then the model captures the key concepts of 
carrier transport. To validate the correctness of device model, we can use experimental 
temperature measurements. 
 
VD = 20V VG = 0V 
VG = -1V 
VG = -2V 
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2.2 ELECTRON AND HEAT TRANSPORT METHODS 
2.2.1 ELECTRON TRANSPORT METHOD 
The transport methodology used for simulations in this are non-isothermal drift-diffusion 
equation for electron transport and classic heat equation thermal transport in lattice. These 
equations for electron and thermal transport tell us that electrons and the lattice are in 
thermodynamic equilibrium and consider same temperature for electrons and lattice. In 
Silvaco Atlas manual equations for both n and p-type carriers are given, but equations for 
only electrons are considered in this work [11]. Poisson’s equation for electrostatics is the 
basic equation governing electron transport, which is a relation between potential and 
charge density, 
 ∇ ∙ (𝜀∇𝜓) =  −𝜌 (1) 
where 𝜀 is the electric permittivity of the medium, 𝜓 is the electrostatic potential and 𝜌 is 
the volumetric charge density. The charge density includes electrons, holes, donors and 
trap charges.  
Another basic carrier transport equation is carrier continuity equation given by, 
 
𝜕𝑛
𝜕𝑡
= 
1
𝑞
 𝛻 ∙ 𝐽  +  𝐺 −  𝑅  (2) 
where n is charge concentration, q is charge unit (1.6 x 10-19 C), J is current density and G 
and R are electron generation and recombination rates. Steady state means, there is no 
effecting generation and recombination of electrons with time. So G and R are not 
considered and the term 
𝜕𝑛
𝜕𝑡
= 0, so the term in equation 2 effectively becomes, 
 𝛻 ∙ 𝐽 = 0 (3) 
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As seen in equation 1, Poisson’s equation relates electrostatic potential and volumetric 
charge density. And considering a general form of the carrier continuity equation, current 
density is divergence free, as seen in equation 3 [11]. So, we need a model in which current 
density, carrier concentration and electrostatic potential are included, which is given by the 
drift-diffusion model as shown below, 
 𝐽 = 𝑞𝐷𝑛∇𝑛 −  𝑞𝑛𝜇∇𝜓 − 𝜇𝑛[𝑘𝐵T∇ln(𝑛𝑖)] (4) 
where 𝐷𝑛 is diffusivity of electrons, 𝑘𝐵 is Boltzmann constant, T is temperature and 𝑛𝑖 
is the intrinsic electron concentration. From equations 3 and 4, the carrier continuity 
equation becomes, 
 ∇ ∙ {𝑞𝐷𝑛∇𝑛 −  𝑞𝑛𝜇∇𝜓 − 𝜇𝑛[𝑘𝐵T∇ln(𝑛𝑖)]} = 0 (5) 
to the terms of electrostatic potential and carrier concentration. Hence, for electron 
transport, the Silvaco Atlas solves the Poisson’s equation and continuity equation for 
carrier concentration and electrostatic potential as discussed above. Electric field is 
computed by simple equation using, 
 ?⃗? =  −∇𝜓 (6) 
And current density is calculated using drift-diffusion equation [13]. 
 
2.2.2 HEAT TRANSPORT METHOD  
The temperature distribution in the device is calculated from heat conduction equation, 
 𝜌𝑐𝑝
𝜕𝑇
𝜕𝑡
= ∇ ∙ (𝑘∇𝑇) + 𝐻  (7) 
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where 𝜌 is the density, 𝑐𝑝 is specific heat per unit mass, 𝑇 is temperature, 𝑘 thermal 
conductivity constant and 𝐻 is heat generated per unit volume [11]. In steady state, there’s 
no rate of change in temperature. So the heat conduction equation reduces to, 
  ∇ ∙ (𝑘∇𝑇) + 𝐻 = 0 (8) 
This equation is derived from energy conservation for a continuous medium which is valid 
which is valid for thermal transport in diffusive medium. Positive and negative values of 
𝐻 correspond to heat being added or removed from the medium. Heat generation in 
semiconductor devices is due three kinds of mechanisms namely, joule heating, carrier 
generation and recombination heating and cooling, and thermoelectric (Peltier and Joule 
Thomson) effect [11]. In GaN HEMTs, joule heating is the dominant heat generation 
method due to high currents and high fields. Carrier generation and recombination heating 
and cooling are not accounted for as the heat generated by carrier generation and 
recombination is not significant enough. Thermoelectric effect is not considered in electro-
thermal modeling of GaN HEMT devices. In general, for semiconductor devices, the heat 
generation rate per unit volume is given by,  
 𝐻 = 
|𝐽|
2
𝑞𝜇𝑛
+ 𝑞(𝐺 − 𝑅)[𝜙𝑇𝑃] − 𝑇(𝐽∇𝑃) (9) 
where, 𝜙 is quasi-fermi potential and 𝑃 is thermoelectric power. From equation 9, the first, 
second and third terms relate to joule heating, generation and recombination heating and 
cooling, and thermoelectric effect. As mentioned earlier, in GaN HEMT we neglect 
generation and recombination heating and cooling and, thermoelectric effect is not 
considered for electro-thermal modeling. So the equation now reduces to, 
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 𝐻 = 
|𝐽|
2
𝑞𝜇𝑛
 (10) 
The numerator is always positive because of the square term and denominator is also 
positive, so joule heating is always positive in GaN HEMT [14]. This shows that, carrier 
transport is always dissipating heat by transferring energy from electron system to the 
lattice.  
In Atlas, HEAT.FULL is used in MODEL statement to calculate heat generation rate. In 
this work only joule heating is considered and enabled and generation recombination 
heating and cooling and thermoelectric effect were disabled. For simulation of device using 
both electron and thermal transport equations, BLOCK and NEWTON are used in 
METHOD statement until the equation converge to find values for carrier concentration, 
electrostatic potential and temperature [11].  
 
2.3 DEVICE STRUCTURE 
The device modeled for this work is based on the work done by Kevin Bagnal [11] and 
Sarua [15]. Device models and parameters were considered from Kevin’s work and the 
device structure was considered from both Kevin and Sarua’s works [11][15]. The device 
structure used for this work is as shown below in figure 6. 
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Figure 6: Device structure for GaN HEMT for electro-thermal modeling. 
 
The device consists of 300 μm thick SiC substrate which 100 μm wide. On top of this 1.25 
μm thick GaN layer is deposited. This layer is doped uniformly at 1012/cm2 to represent 
unintentional doping in GaN. On top of this 17nm thick Al0.26Ga0.74N was deposited with 
doping of 1018. Drain and source contacts are modeled such that they are ohmic and touch 
the 2DEG. Gate contact is deposited on top of AlGaN layer. All the contacts are considered 
to be gold (Au).  
 
2.4 DEVICE PARAMETERS AND MOBILITY MODELS 
GaN based electronics is more recent technology than silicon based technology. The 
material parameters are still not well defined for III-Nitride system. For this work, the 
material parameters have been manually defined, as Silvaco Atlas does not contain most 
of the required parameters. Most of the material parameters and properties such as 
G 
Drain Source Al0.26Ga0.74N (17nm) 
GaN (1.25 μm) 
SiC (300 μm) 
100 μm 
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electrical, optical, thermal and mechanical are taken from the book by Levinshtein [16] for 
GaN and related III-N system. 
The values for bandgaps for GaN and AlN were taken from Levinshtein [16] which are 
3.39 eV and 6.2 eV respectively. Considering band bowing parameter equal to unity, we 
can find the bandgap for AlxGa1-xN from, 
 𝐸𝑔(𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁) = 𝑥𝐸𝑔(𝐴𝑙𝑁) + (1 − 𝑥)𝐸𝑔(𝐺𝑎𝑁) − 𝑥(1 − 𝑥) (11) 
where, 𝐸𝑔 is the bandgap and 𝑥 is the mole fraction of Al [17]. For 𝑥 = 0.26 the bandgap 
of 𝐴𝑙0.26𝐺𝑎0.74𝑁 is 3.92 eV as calculated from above equation. The conduction band 
alignment at AlGaN/GaN heterojunction was set using ALIGN parameter in Atlas [13]. 
The ALIGN parameters was set to 0.7, so Atlas calculates the conduction band offset using 
the bandgaps of AlGaN and GaN and the ALIGN parameter using the formula below, 
 ∆𝐸𝐶 = 0.7(𝐸𝑔(𝐴𝑙0.26𝐺𝑎0.74𝑁) − 𝐸𝑔(𝐺𝑎𝑁)) (12) 
where, ∆𝐸𝐶 is the conduction band offset [13][18]. The electron affinity for 𝐴𝑙0.26𝐺𝑎0.74𝑁 
is calculated using defaults electron affinity value for GaN (4.31 eV) given in Atlas, and 
the conduction band offset (0.371). The electro affinity of 𝐴𝑙0.26𝐺𝑎0.74𝑁 is 3.93 eV.  The 
dielectric constants for GaN and AlN were taken from Levinshtein [16] which are 8.9 and 
8.5 respectively. The dielectric constant for 𝐴𝑙0.26𝐺𝑎0.74𝑁 was calculated using a formula 
in Kevin [11], which gives a value of 9.05. For all other materials default parameters in 
Atlas are used.  
The barrier height of the Schottky contact at the gate contact is calculated by, 
 𝜙𝑏 =  𝜒 − 𝜙𝑚 (13) 
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where, 𝜙𝑏 is the Schottky contact barrier height, 𝜙𝑚 is the work function of the metal (gold 
is used gate contact) and 𝜒 is the electron affinity of 𝐴𝑙0.26𝐺𝑎0.74𝑁 [13].  
Polarization charges are important consideration for III-Nitride materials. For a high 
electron density device like GaN HEMTs, polarization effects at the AlGaN/GaN interface 
play an important role. Polarization in materials is usually defined as spontaneous and 
piezoelectric, but there is a discontinuity in polarization at AlGaN/GaN heterojunction 
which leads to polarization sheet charge, 
 𝜎 =  𝑃𝑡𝑜𝑝 − 𝑃𝑏𝑜𝑡𝑡𝑜𝑚 (14) 
where, 𝜎 is the polarization sheet charge, 𝑃𝑡𝑜𝑝 is the polarization of material on top of 
heterojunction and 𝑃𝑏𝑜𝑡𝑡𝑜𝑚 is polarization of material on bottom of heterojunction [24]. 
The spontaneous polarization properties are predefined for the materials, but for 
𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁 it can be calculated by using the formula below, 
 𝑃𝑠𝑝 = −0.052𝑥 − 0.029 (15) 
where, 𝑥 is the mole fraction of aluminum and 𝑃𝑠𝑝 is the spontaneous polarization of 
𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁 [18]. We know that these materials have different lattice constants and elastic 
and piezoelectric properties, and these are grown on top of each other. The device 
experiences strain due to this and causes piezoelectric polarization which is given by, 
 𝑃𝑝𝑧 = 2
𝑎−𝑎0
𝑎0
(𝑒31 − 𝑒33
𝐶33
𝐶31
) (16) 
where, 𝑎 and 𝑎0 are lattice constants with strain and without strain respectively, 𝑒31 and 
𝑒33 are piezoelectric constants and 𝐶33 and 𝐶13 are elastic constants [18]. Using the above 
equations for the spontaneous and piezoelectric polarization, one can calculate polarization 
sheet charge at AlGaN/GaN interface using, 
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 𝜎(𝑥) = |𝑃𝑝𝑧(𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁) + 𝑃𝑠𝑝(𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁) − 𝑃𝑠𝑝(𝐺𝑎𝑁)| (17) 
The 𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁 layer grown on top of 𝐺𝑎𝑁 is tens of nanometers thick, so the strain on 
𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁 is less, so we should careful about considering 𝑃𝑝𝑧(𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁) value so as to 
get accurate electro-thermal model of the device. 
The mobility models for GaN HEMTs is an important factor. Both low field and high field 
models for the device were defined. In this work, Farahmand Modified Caughey-Thomas 
mobility model was used for low fields, which is given by, 
𝜇0(𝑁, 𝑇) =  𝜇𝑚𝑖𝑛(
𝑇
300
)𝛽1
+ (𝜇𝑚𝑎𝑥 − 𝜇𝑚𝑖𝑛)(
𝑇
300
)𝛽2
[
 
 
 
1 + [
𝑁
𝑁𝑟𝑒𝑓(
𝑇
300)
𝛽3
]
𝛼(
𝑇
300)
𝛽4
]
 
 
 
−1
  
 (18) 
where, 𝜇0 is the low field mobility and 𝑁 is the doping concentration and 𝑇 is the 
temperature [11]. The values used for the low-field mobility model were taken from 
Farahmand [25]. As studied in literature, AlGaN is highly doped and GaN is 
unintentionally doped, so the doping for AlGaN is taken as 1019 cm-3 and for GaN 1013 cm-
3. For high field mobility, Canali model was used and values were taken from Wang 
[26][11]. The high field mobility is calculated by, 
 𝜇(𝑁, 𝑇, 𝐸) = 𝜇0(𝑁, 𝑇) [
1
1+(
𝜇(𝑁,𝑇)𝐸
𝜐𝑠𝑎𝑡
)
𝛽]
1
𝛽
 (19) 
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where, 𝜇 is high field mobility, 𝐸 is electric field, 𝜐𝑠𝑎𝑡 is saturation velocity and 𝛽 is the 
value taken from Atlas user manual [11][13]. 
The thermal conductivity of materials used in GaN HEMT is an important factor. The 
thermal conductivity of semiconductors decreases with increase in temperature due to 
increased phonon-phonon scattering, which can be given by, 
 𝑘(𝑇) =  𝑘0(
𝑇0
𝑇
)𝑛 (20) 
where, 𝑇0 is reference temperature, 𝑘0 is thermal conductivity constant for the material 
and 𝑇 is absolute temperature. The values for thermal conductivity constant were taken 
from Levinshtein [16]. The experimental values for n usually range from 1 to 1.5. The 
thermal conductivity constant values for Al0.26Ga0.74N are used from experimental values 
given in Liu [27]. Thermal conductivity constants for other materials such as Al2O3 and Au 
were taken from Atlas manual [13]. 
 
2.5 DEVICE TEMPERATURE AND ITS EFFECTS 
As we have discussed in earlier sections, the device, material properties and device models 
have been considered according to cited literature. The device built and modeled using 
Silvaco TCAD tools is as shown below. 
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(a)           (b) 
   
Figure 7: (a): Device structure used for the simulations; (b) Active region of the device 
zoomed. 
 
The electrical characteristics for a transistor help electrical engineers get important 
information on saturation region, breakdown voltages, maximum current, on resistance, 
based on which electric circuits are built. The IV curves for the device shown in figure 7 
are as shown below. 
         
VG = 0V 
VG = -1V 
VG = -2V 
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Figure 8: The characteristics on the left show the ideal case [19]; the plot on the right show 
the characteristics considering the thermal effects. 
 
The figure on the right shows ID values for applied drain voltages between VD = 0V to 20V 
for gates voltages VG = 0V, -1V, -2V. As seen in figure 8, the electrical characteristics in 
the electro-thermal model are deviating away from the ideal model. As the applied drain 
voltage is increasing, the drain current is falling. This effect can be attributed to the 
temperature that is being generated in the device. As discussed earlier, the heat generated 
in this device model is due to joule heating, which means it is attributed by flow of current. 
So, for an increasing drain voltage, the heat generated in the device is increasing. This 
temperature increase causes serious degradation in device properties. 
As seen in the figures below, temperature rise effects bandgap and mobility of GaN. This 
is given by relation below, 
 𝐸𝑔(𝑇) =  𝐸𝑔(0) −
𝛼𝑇2
𝑇+𝛽
 (21) 
where, 𝐸𝑔(𝑇) is the bandgap energy as a function of temperature 𝑇 and, 𝛼 and 𝛽 are fitting 
parameters [28]. The purpose of having wider bandgap is to make use in applications such 
as high voltage and high power. When the bandgap reduces with temperature, the device 
is effectively incapable of performing these operations. 
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Figure 9: On the left, the effect of temperature on bandgap [16]; on the right effect of 
temperature on mobility and carrier concentration at AlGaN/GaN 2DEG [20]. 
 
As we can see in figure 9, the mobility in GaN is decreasing with increasing temperature. 
For compound semiconductors like GaN, the drift velocity is linear at low fields, so at low 
fields, diffusion component of current dominates. We know that carrier concentrations 
increase with increase in temperature, so at low fields, current increases with increase in 
temperature [21]. In high field, the drift velocity acts different than regular semiconductors 
like silicon. With increasing fields, drift velocity decreases. In high field regions like 
2DEG, the drift component of current dominates, so as the temperature increases, current 
decreases [21].  This decrease mobility can be attributed to phonon scattering. At high 
temperatures, lattice vibrations become more prominent, increasing the phonon 
concentration. So the probability of an electron getting scattered by phonon increases. 
Thus, at high temperatures, mobilities are limited by phonon scattering, and is represented 
by the function below, 
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 𝜇𝑝ℎ ∝ 𝑇
−
3
2 (22) 
where, 𝜇𝑝ℎ is the mobility of carrier, and 𝑇 is the temperature [21]. So temperature is a 
serious issue which effects the device properties and degrades its overall performance.  
Heat dissipation in high voltage and high frequency devices is a factor of major concern. 
As discussed earlier in this chapter, GaN is grown on non-native substrates such as SiC, 
sapphire and diamond. We use high thermal conductivity constant materials as substrates 
so they take as much heat as possible from the device, keeping the temperature low in the 
active region. But, the heat flow in the GaN medium will be different than these substrate 
materials as material properties such as specific heat capacity and thermal conductivity 
constant differ. So to study how the heat flow effects the temperature in active region, we 
use electro-thermal models of these devices. Study of heat in these device models becomes 
vital to decide which factor is responsible for degradation of device properties with 
increasing temperature. Below is the device model shown with heat distribution. 
   
Figure 10: Electro-thermal model heat distribution of the device. 
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The two-dimensional temperature distribution from electro-thermal modeling of the GaN 
HEMT at VG = 0V and VD = 20V is as shown in figure 10. As we can see from the 
temperature distribution, the peak temperature is 627 K for base temperature of 298 K 
(25C). The temperature is highly localized to the active region. This formation of hot-spot 
in active region is due self-heating effect [23]. This also shows that, the thermal spreading 
resistance is dominant, which can be attributed to III-Nitride materials. 
 
Figure 11: Temperature profile along depth of the device. 
 
As we can see in the figure above, there is huge drop in temperature in GaN material due 
to high thermal spreading resistance. SiC comparatively has very low thermal spreading 
resistance. A closer look at the active region of the device is shown below. 
GaN SiC 
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Figure 12: Zoomed in view of active region of electro-thermal model heat distribution of 
the device. The hot-spot is clearly seen. 
 
As seen in the close up view of the active region, the peak temperature is highly localized 
in the active region at the edge of gate towards drain. There is a temperature drop of about 
100 K within few microns of gate down in to the GaN because of high thermal spreading 
resistance of GaN. Heat is considered as an energy, and to dissipate heat away from the 
active region, that energy needs to be transferred. As seen above, this energy is moving 
around the lattice in the form of electrons. The path of energy transport is done first by 
scattering between electron and optical phonon and then from optical phonon to the 
acoustic phonon [22]. When drain voltage is applied, electron gain energy because of the 
electric field. The scattering of electrons due to phonons transfers this energy to optical 
phonons. But, these optical phonons have very low group velocity, so the transfer of heat 
to the acoustic phonons is relatively slow. Hence, the heat gets accumulated at one point. 
This is called hot spot, which can be seen as red spot in the figure above. This enhances 
the heat further in the active region of the device effectively reducing mobility and current. 
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This process is called self-heating [23]. The image below shows how the temperature is 
distributed along the length of the device. 
 
Figure 13: Temperature distribution along length of device at depth y=0.04 μm. 
 
As we can see in figure 13, most of the temperature is concentrated in a very small area 
near the hot spot near gate. This measurement was taken for VG = 0V and VD = 20V at a 
depth of y = 0.04 μm. To reduce this temperature to acceptable levels, we need to study 
one of the main interfaces where materials of two completely different systems are used, 
where due to varied material properties, there can be resistance to flow of heat. This 
interface GaN and SiC substrate. The figure below shows the temperature profile at this 
interface. 
~80% heat 
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Figure 14: Temperature distribution at the interface of GaN and SiC. 
 
In figure 14, around the interface region, the heat profile outlines bend inward to GaN, 
suggesting that there is thermal resistance at the GaN and SiC interface. This can be further 
studied by plotting a cutline at the interface, which is shown below. 
 
Figure 15: Temperature along depth of device at interface of GaN and SiC. 
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As seen in the figure 15, at the interface of the two materials, there is sudden decrease in 
temperature, suggesting that there is thermal resistance at the boundary. This difference in 
temperature gets bounced back to the device, towards the active region, increasing the 
temperature further at the active region, subsequently effecting mobility and current.  
To tackle this problem, we can use GaN substrates instead of non-native substrates like 
SiC, sapphire and diamond. This makes the production of device very slow and the final 
device very expensive. Instead, we can implement structural changes at this interface 
making a path for smooth flow of heat. This structural changes will be discussed in next 
chapter and how it effects the device performance. 
 
2.6 CONCLUSION 
In this chapter, we looked in to the basics of GaN HEMTs and its working principle. Next 
we discussed on the electrical and thermal transport models used for the electro-thermal 
simulation of this device. Various device parameters and mobility models were discussed. 
Further, electrical characteristics of the modeled device were shown. Temperature 
distribution of the device using electro-thermal model was discussed along with issues it 
causes to mobility and current. Later in the end, we discussed the major issue for this high 
temperature, that is the thermal resistance at the interface of GaN and SiC. In the next 
chapter, we will discuss on how structural changes at this interface help in better 
temperature distribution at the interface. 
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CHAPTER 3 
GAN HEMT WITH GAN MICROPITS 
In previous chapter we discussed on how temperature effects mobility and current in the 
channel region of GaN HEMT. In the end, we saw how the interface between GaN and SiC 
is causing thermal resistance to heat dissipation. In this chapter we discuss on an innovative 
method that can be used to reduce the heat and increase current in channel region. 
 
3.1 CONCEPT 
As seen in figure 12 in previous chapter, about 80% of heat generated is concentrated 
within few microns of gate region. We need an effective heat dissipation system which gets 
this peak down. One way is to use a GaN substrate, because of which heat dissipation will 
be smooth as the peak gets lower. But we cannot use this method as it is expensive and 
slow for large scale production. Another method is to introduce some structural changes, 
that can reduce this peak. This can be discussed by reimagining figure 13 as shown below. 
 
Figure 16: Reducing temperature peak by stretching the curve outwards. 
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As we can see in figure 16, the dashed blue curve is the reimagined curve that is possible 
and can be realized for the device. As discussed earlier, nearly 80% of heat is just 
concentrated around gate region, that means the temperature peak covers a region of about 
1/30th of the length of the device. The remaining 20% of heat takes on the remaining length, 
that is 29/30 of the length. That is a lot of unused space which can be effectively used for 
heat dissipation, without effecting the active region. So this dashed blue curve from figure 
16 tell us that, we can reduce this peak height by widening the thickness of peak, this mean 
by distributing the heat from the peak in to the areas adjacent to the peak. We have seen 
earlier that if a GaN substrate is used, heat dissipation would be easy and be able to 
maintain channel temperatures at acceptable levels. But we use SiC as the substrate. We 
need an effective drain system for the heat dissipation while still using SiC substrate. This 
drain system for heat can be implemented here in the form of small pits or micropits at the 
GaN-SiC interface spread along the length of the device. These micropits are filled with 
GaN, so that heat flows into these structures as they have similar material properties.  
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Figure 17: The image on top shows the full device with micropits; the image on bottom 
shows close up view of the interface with micropits. 
 
As seen in figure 17, the GaN micropits are spread along the length of the GaN HEMT. 
We can see the micropits clearly in the close-up image. We know that any form of energy 
in its higher states will look for paths to get to lower states. When heat dissipates along the 
depth of GaN and reaches SiC at the interface with thermal resistance, it will look for path 
with lower resistance. When it finds GaN micropits in the nearby area, it tries to take that 
path because of similar material properties and offers minimal thermal resistance at the 
interface. This way heat tries to spread along the interface where it finds GaN micropits. 
This way heat is spread along the length of the device rather than concentrating within few 
microns of the gate region, and as discussed earlier with figure 16, the width of the peak 
stretches out and the height of the peak reduces. 
 
3.2 EFFECT OF MICROPITS ON HEAT DISTRIBUTION  
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Few device models with different pit sizes were electro-thermally modeled to compare the 
difference in electrical characteristics and heat dissipation. Few of the models are as shown 
below. 
(a)                                                        (b)   
 
           (c)                                                         (d) 
 
 
Figure 18: Models with varied pit sizes. (a) 0.2 x 0.25 with 0.2 spacing; (b) 0.4 x 0.25 with 
0.4 spacing; (c) 0.4 x 0.4 with 0.4 spacing; (d) 0.4 x 0.25 with 0.3 spacing (all the numbers 
are in microns). 
 
Each of these models have shown different heat dissipation properties thereby, effecting 
the current in channel. We should acknowledge the fact that the micropits should not be 
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spaced long because heat won’t be able to spread to the sides and is exposed to SiC directly. 
They should also not be deep as they won’t be able to extract the heat as much. So these 
micropits should be properly spaced and not be too deep. The electro-thermal simulations 
of these devices gave results as expected. Let’s analyze these results now. 
(a)                                                       (b) 
 
      (c)                                      (d)              
 
Figure 19: Electro thermal simulation of devices showing temperature profile. (a) No pits; 
(b) 0.2 x 0.25 with 0.2 spacing; (c) 0.4 x 0.25 with 0.4 spacing; (d) 0.4 x 0.4 with 0.4 
spacing. (all numbers are in microns). 
 
In the above figure, the devices with varied micropit dimensions were simulated along with 
the device without micropits, this shows the difference in temperature profiles for devices 
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with and without micropits. As seen in figures 19 (a) which is without micropits, the hot- 
spot is more intense suggesting that there is more heat in the channel region near the gate. 
Figure 19 (b), the device with 0.2 x 0.25 microns micropits with 0.2 spacing between them, 
the hot-spot doesn’t seem to reduce in the intensity, suggesting that this model does not 
work effectively. Figure 19 (c) and (d) show that the hot-spot has reduced intensity 
suggesting that the device with these particular structural changes has worked. Now let’s 
analyze the temperature in the channel with some plots. 
 
Figure 20: Temperature profile along the channel of four devices mentioned. (all numbers 
are in microns) 
 
 
DEVICE 
PEAK CHANNEL 
TEMPERATURE (K) 
No micropits 626 
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0.2 x 0.25 with 0.2 spacing 624 
0.4 x 0.25 with 0.4 spacing 592 
0.4 x 0.4 with 0.4 spacing 598 
 
Table 1: Devices modeled with their highest channel temperatures. 
 
As seen in figure 20, the difference between the peak temperature of the device without the 
micropits and the devices with the micropits. The device without micropits has the highest 
temperature in the channel region, which is represented by the red line. Next is the device 
modeled with 0.2 x 0.25 microns micropits with 0.2 spacing between them, which 
represented by yellow line. The temperature for this model is almost same the model 
without pits. This shows that these pits are too small to pull the heat in. The pits with 0.4 
microns length with 0.4 microns spacing between them show excellent results, which are 
represented by blue and gray lines. The difference is the micropit depth. The micropits with 
depth of 0.25 microns show more heat spreading as compared to the micropit with 0.4 
microns depth. This spreading of hot spot can be attributed to the micropits spread along 
the length of the device. This can be analyzed using a temperature profile at the interface 
of GaN – SiC. 
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Figure 21: The temperature profile along the length of all the four devices near the GaN-
SiC interface. 
 
In figure 21, temperature profile of all the four devices mentioned earlier which are, without 
micropits, 0.2 x 0.25 with 0.2 spacing; 0.4 x 0.25 with 0.4 spacing; 0.4 x 0.4 with 0.4 
spacing is taken near the GaN-SiC interface on the GaN side. The device without micropits 
represented here by red line shows no roughness in its curve, it is rather smooth as 
compared to others with micropits. The other three curves namely green, blue and gray 
which represent temperature profiles of devices with micropits show temperature peaks 
comparable to the red curve. As seen in figure 20, the blue and gray curves showed a 
significant difference in temperature peaks at the channel of about ~40 K. But in figure 21, 
the difference has fallen to a mere ~10 K. This shows that the heat concentrated in the 
lower region of the device rather than in channel region for the device with micropits than 
compared to the device without micropits. The curves for devices with micropits show a 
rather rough curve. The green, blue and gray colored curves show localized peaks along 
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the curve. This shows that the micropits are taking heat in, so at each of this localized peak 
there is a micropit, and at each of these micropits there is more temperature. The device 
modeled with 0.2 x 0.25 microns micropits with 0.2 spacing between them has higher 
temperature because the dimension of the micropit is not enough to take enough heat in. 
But the devices with micropits with dimensions 0.4 x 0.25 with 0.4 spacing and 0.4 x 0.4 
with 0.4 spacing show a significant difference with higher localized peaks along the curve 
showing that heat is being taken in by these micropits along the interface. This shows that 
the heat at the interface is spreading due to these micropits. We have seen one of the reasons 
why the temperature in the channel for the devices with micropits is lower as compared to 
the device without micropits. Now let’s analyze how heat is spreading sideways along the 
length of the device at a point near the active region in GaN side of the heterojunction. 
 
Figure 22: Temperature distribution along length of devices at depth y=0.04 μm. 
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The figure above shows a plot of temperature distribution along the length of all four 
devices at a depth of y = 0.04 μm. As we can see, there is a clear difference in the plot of 
the devices with micropits and the device without micropits. The heat in the devices with 
micropits is spreading on to the side from the hot spot region of the device.  This can be 
confirmed by looking at the graphs closely. At the peak of all the curves, the temperature 
difference between the device without the pits, which is represented by red curve here, has 
a difference of about ~40 K with the curves with micropits which are represented by blue 
and grey lines. But as we move away from these peaks, the temperature difference is 
reducing by reaching to a difference about ~5 K, which means the temperatures are almost 
comparable on the sides. This shows that the temperature in the devices with micropits is 
spreading heat in to the sides, and therefore by reducing the peak temperatures in the 
channel region. We can also analyze the thermal resistance at the interface of GaN – SiC 
interface.  
 
Figure 23: Temperature profile for device models at interface of GaN - SiC 
GaN SiC 
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We can clearly see in the figure above how the micropits are effecting the flow of heat at 
the interface of GaN-SiC. For the device without micropits, as discussed earlier, there is a 
sudden decrease in temperature. For the device models with micropits, there no decrease 
in temperature, there curve looks almost smooth, this can be attributed to the micropits 
along the junction, where the heat spreads in to these pits, reducing the thermal resistance 
effect at the interface. 
The temperature reduction in the channel region has positive effect on current density in 
channel region and simultaneously on electrical characteristics. 
Another trend found with varying pit sizes is changing channel temperatures. By keeping 
the micropits width and spacing same, and by changing the depths we see this behavior. 
This trend can be seen as shown in figure below. 
 
Figure 24: In pit dimensions on x-axis the first number represents the width and the second 
number represents depth. All micropits are spaced at 0.4 μm. 
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As we can see from the graph above, it is clear that with changing depth of the micropit, 
the peak channel temperature is also changing. One thing is clear that, the temperature just 
won’t decrease as the micropit depth is increased, there is a threshold value. The least 
temperature was found for the device with 0.4μm x 0.25μm sized micropits with a spacing 
of 0.4 μm. So this model was considered for the simulations to compare with the model 
without micropits. 
 
3.3 EFFECT OF MICROPITS ON ELECTRICAL CHARACTERISTICS 
We have discussed in earlier chapter, that how rise in temperature effects bandgap, mobility 
and finally channel current density and electrical characteristics. In this section, we will 
analyze how the use of micropits helped in increasing device performance. As we have 
seen in the previous section of this chapter, the use of micropits has tremendously reduced 
channel temperatures in some models. The device model with micropits of dimensions 0.4 
x 0.25 with 0.4 spacing has shown good result. In this section we will concentrate on this 
model of device and compare it with the device model without micropits. With reduction 
in channel temperature, mobility and current density in the channel increases. 
Device Peak channel temperature 
(K) 
Peak current density 
(A/cm2) 
Without GaN micropits 626 4.2 x 107 
With GaN micropits 592 5 x 107 
 
 Table 2: Peak current density for devices with and without GaN micropits. 
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This increase in current density can be clearly seen in table 2, where there is almost one-
fold increase in peak current density for the device with micropits. This increase in current 
density in the channel will have effect on the electrical characteristics and the overall device 
performance. The drain current can be given by integral of current density over the channel 
areas. 
 
 
Figure 25: Electrical Characteristics for device without micropits show in black and device 
with micropits shown in blue. 
 
The difference in the electrical characteristics can be seen between the device without 
micropits and the device with micropits with dimensions 0.4 x 0.25 and 0.4 spacing. The 
blue curves represent the device with micropits and we can see that these curves are almost 
horizontal with a slight drop as compared to the black curves which have a steep drop in 
VG = 0V 
VG = -1V 
VG = -2V 
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currents for higher voltages. Though the peak current for the blue curve is low, the 
difference in drain currents for the blue and black curves is reducing for higher voltages.  
The above discussed results show that the device model with GaN micropits at the GaN – 
SiC interface helps in improving the device performance. 
 
3.4 CONCLUSION 
In this chapter, we have discussed about structural changes made to initial GaN HEMT 
model, by adding GaN micropits at the GaN – SiC interface. We have seen how these 
micropits help in reducing the channel peak temperature by spreading the heat in the device 
rather than concentrating in the area around the gate. Finally, the effects of reduction in 
temperature due to these micropits were discussed. An increase in channel current density 
and better electrical characteristics were seen. 
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CHAPTER 4 
CONCLUSION AND FUTURE WORK 
GaN based devices have a huge potential in the field of RF high power and high frequency 
electronics. Large scale production of GaN based electronics are still not able to attain its 
full potential due to thermal, circuit design and other issues. Thermal management in these 
devices remains a challenge to both industry and universities. 
In this work, we have seen how to build a GaN device and include parameters and models 
to generate electro-thermal models to study the device behavior under high temperature. 
The source of high temperature in these devices becomes a concern for thermal 
management in these devices. Spreading of heat in these devices is a major issue which 
makes this an important area of study. The hot spot mainly concentrated near the gate 
region extends up to only a few microns due thermal spreading resistance by GaN. Nearly 
80% of the heat generated is concentrated in a small region near the gate. Making this heat 
spread out in to the sides of the devices is the main concern of this thesis. This was 
implemented by adding GaN micropits at GaN-SiC interface and the results were analyzed. 
In future an experimental verification and measurement of these results would be helpful 
to understand and explore more. 
Few other areas where proper research on thermal management would help these devices 
to perform better are, 
 Measure accurate parameters for AlxGa1-xN to consider in device modeling. 
 Understand the piezoelectric properties of thin layers like AlxGa1-xN to better model 
these devices. 
 Use of proper packaging techniques for better heat dissipation. 
44 
 Look in to the prospects of GaN-on-Diamond technology. 
 Proper use of high thermal conductive material on top of device to extract heat 
without effecting currents and fields. 
Ultimately, any thermal management strategy chosen for large scale production should 
consider packaging, cost, volume among other factors. In the future, for success of thermal 
management strategies, it certainly requires collaboration between industry and research 
institutes to work on new fabrication processes and technologies to meet the needs of 
future.   
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